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Abstract	  
	   Several	  techniques	  for	  measuring	  the	  normal	  specific	  acoustic	  impedance	  of	  the	  ground	  in	  situ	  
and	  at	  low	  frequencies	  are	  examined.	  These	  techniques	  include	  the	  use	  of	  a	  spherical	  wave	  model,	  
plane	  wave	  model,	  boundary	  conditions	  method,	  and	  the	  ANSI	  S1.18-­‐2010	  standard.	  Experiments	  are	  
performed	  with	  both	  normal	  and	  oblique	  incidence	  configurations.	  A	  new	  short-­‐time	  Fourier	  transform	  
technique	  is	  applied	  to	  the	  measured	  pressure	  data	  to	  reduce	  the	  variance	  of	  estimates.	  Credible	  
estimates	  of	  the	  ground	  impedance	  are	  shown	  for	  frequencies	  as	  low	  as	  30	  Hz.	  Suggestions	  are	  made	  for	  
future	  experiments.	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1.	  Introduction	  	  
The	  United	  States	  Army	  is	  interested	  in	  understanding	  and	  reducing	  the	  impact	  of	  noise	  
generated	  from	  training	  exercises	  on	  the	  surrounding	  environment.	  Loud	  acoustic	  events	  from	  these	  
activities	  could	  affect	  natural	  wildlife	  behavior	  and	  cause	  psychological	  stress	  to	  civilians	  who	  reside	  
near	  military	  training	  installations.	  Noise	  mitigation,	  or	  action	  taken	  to	  reduce	  noise	  pollution,	  is	  best	  
informed	  by	  accurate	  methods	  of	  predicting	  the	  propagation	  of	  sound	  over	  long	  distances.	  Noise	  
propagation	  models	  take	  in	  information	  about	  the	  environment	  to	  predict	  sound	  pressure	  levels	  
measured	  at	  a	  distance	  from	  a	  sound	  source.	  The	  accuracy	  of	  these	  predictions	  relies	  on	  properly	  
accounting	  for	  the	  effects	  of	  the	  ground	  surface,	  local	  structures,	  and	  atmosphere	  on	  the	  propagation	  of	  
sound.	  An	  accurate	  noise	  propagation	  model	  will	  appropriately	  weight	  the	  effect	  of	  each	  of	  these	  
components	  on	  traveling	  sound	  waves.	  	  
	   Understanding	  the	  effect	  the	  ground	  surface	  has	  on	  sound	  is	  thus	  a	  component	  of	  noise	  
propagation	  models.	  Of	  particular	  interest	  to	  the	  United	  States	  Army	  is	  the	  effect	  of	  the	  ground	  surface	  
in	  the	  low-­‐frequency	  range	  of	  10	  –	  250	  Hz.	  The	  largest	  sound	  pressure	  levels	  generated	  from	  military	  
training	  exercises	  occur	  in	  this	  range.	  
	   The	  effect	  of	  the	  ground	  surface	  on	  sound	  can	  be	  understood	  by	  knowing	  the	  normal	  specific	  
acoustic	  impedance	  of	  the	  ground	  surface.	  Measuring	  the	  normal	  specific	  acoustic	  impedance	  has	  been	  
a	  subject	  of	  great	  interest	  in	  the	  acoustics	  community.	  Many	  different	  techniques	  have	  been	  established	  
over	  the	  span	  of	  several	  decades.	  This	  thesis	  brings	  together	  some	  of	  the	  established	  techniques	  and	  
attempts	  to	  discern	  which	  method	  offers	  the	  most	  accurate	  measurements	  of	  the	  normal	  specific	  
acoustic	  impedance	  in	  the	  low-­‐frequency	  range.	  Crucially,	  this	  thesis	  provides	  empirical	  results	  below	  
250	  Hz	  that	  have	  largely	  been	  absent	  from	  the	  literature.	  	  
	  Previous	  attempts	  to	  develop	  accurate	  methods	  of	  measuring	  the	  acoustic	  impedance	  of	  
ground	  materials	  used	  an	  impedance	  tube	  in	  [13]	  and	  [15].	  These	  methods	  produce	  credible	  results	  but	  
at	  the	  expense	  of	  significantly	  altering	  the	  natural	  structure	  of	  the	  ground	  surface	  under	  test	  by	  
displacing	  the	  material	  inside	  an	  impedance	  tube.	  Performing	  impedance	  measurements	  of	  the	  ground	  
in	  situ	  eliminates	  this	  problem.	  Dickinson	  and	  Doak	  also	  conducted	  in	  situ	  experiments	  after	  attempts	  to	  
use	  an	  impedance	  tube	  proved	  difficult	  without	  significantly	  altering	  the	  test	  area	  under	  measurement	  
2	  
	  
[5].	  In	  the	  absence	  of	  an	  anechoic	  chamber,	  any	  free-­‐field	  experiments	  must	  be	  performed	  in	  an	  open	  
area	  to	  reduce	  the	  effect	  of	  nearby	  structures	  on	  the	  results.	  	  
This	  thesis	  looks	  at	  three	  different	  methods	  used	  to	  measure	  the	  normal	  specific	  acoustic	  
impedance	  of	  the	  ground.	  Chapter	  2	  introduces	  these	  techniques	  by	  highlighting	  their	  basic	  theoretical	  
background.	  Chapter	  3	  details	  the	  experimental	  procedures	  required	  to	  obtain	  results	  from	  all	  three	  
techniques.	  Experimental	  results	  are	  presented	  in	  Chapter	  4.	  Lastly,	  Chapter	  5	  offers	  conclusions	  based	  
on	  the	  generated	  impedance	  estimates	  and	  suggestions	  for	  further	  experiments.	  	  
As	  previously	  mentioned,	  techniques	  to	  measure	  the	  impedance	  of	  the	  ground	  have	  been	  
examined	  for	  many	  years.	  The	  results	  presented	  in	  this	  work	  illustrate	  that	  still	  more	  research	  is	  
necessary	  in	  this	  area	  of	  study.	  Among	  the	  three	  different	  methods	  examined,	  each	  produces	  different	  
estimates	  of	  the	  normal	  specific	  acoustic	  impedance.	  Further	  research	  must	  focus	  on	  developing	  a	  
measurable,	  known	  ground	  impedance	  surface	  to	  better	  assess	  the	  accuracy	  of	  these	  methods.	  Without	  
this	  measurable	  truth,	  it	  is	  difficult	  to	  declare	  one	  method	  as	  superior	  to	  another	  beyond	  ruling	  out	  a	  
particular	  method	  for	  producing	  obviously	  unrealistic	  estimates.	  	   	  
3	  
	  
2.	  Literature	  Review	  and	  Theory	  
	   There	  are	  several	  established	  techniques	  available	  for	  measuring	  the	  normal	  specific	  acoustic	  
impedance	  of	  ground	  surfaces.	  In	  [4],	  [5],	  and	  [11],	  field	  experiments	  were	  performed	  and	  analyzed	  
using	  models	  that	  assume	  a	  point	  source	  radiating	  spherical	  waves	  normally	  incident	  to	  the	  ground	  
surface.	  The	  pressure	  field	  equations	  used	  in	  [4]	  and	  [11]	  rely	  on	  theory	  from	  [9].	  In	  [9],	  an	  exact	  
solution	  for	  the	  pressure	  field	  along	  the	  normal	  axis	  is	  given.	  This	  exact	  solution	  contains	  an	  improper	  
integral	  that	  is	  dropped	  from	  calculations	  performed	  in	  this	  work	  for	  reasons	  of	  computational	  
efficiency.	  	  
	   A	  standard	  method	  [1]	  for	  measuring	  the	  normal	  specific	  acoustic	  impedance	  has	  been	  
developed	  by	  the	  American	  National	  Standards	  Institute	  and	  the	  Acoustical	  Society	  of	  America.	  This	  
method	  also	  uses	  a	  model	  of	  spherical	  waves	  radiating	  from	  a	  point	  source.	  However,	  unlike	  the	  
previously	  mentioned	  methods	  that	  position	  the	  source	  (loudspeaker)	  and	  receiver	  (microphones)	  along	  
the	  normal	  axis,	  the	  ANSI	  method	  requires	  the	  source	  and	  receiver	  to	  be	  placed	  at	  two	  different	  
locations	  along	  the	  ground	  surface.	  This	  geometry	  measures	  the	  effect	  of	  pressure	  waves	  obliquely	  
incident	  on	  the	  ground	  surface.	  
	  Both	  the	  normal	  and	  oblique	  incidence	  methods	  mentioned	  above	  rely	  on	  a	  model	  that	  predicts	  
the	  pressure	  field	  above	  the	  impedance	  plane.	  Recently	  proposed	  in	  [10]	  is	  a	  technique	  that	  makes	  no	  
assumptions	  of	  the	  direction	  pressure	  waves	  propagate	  from	  and	  instead	  makes	  use	  of	  the	  boundary	  
conditions	  at	  the	  ground	  surface.	  Furthermore,	  this	  method	  does	  not	  require	  that	  the	  waves	  emanating	  
from	  the	  source	  be	  strictly	  planar	  or	  spherical.	  	  
The	  remainder	  of	  this	  chapter	  develops	  the	  equations	  necessary	  to	  understand	  the	  mathematics	  
behind	  the	  previously	  mentioned	  techniques.	  Throughout	  this	  work,	  the	  convention	  used	  for	  time	  
dependence	  of	  oscillatory	  functions	  is	  𝑒!"#.	  Complex	  quantities	  are	  represented	  in	  boldface.	  
2.1	  Normal	  Incidence	  
The	  following	  derivation	  of	  the	  pressure	  field	  from	  a	  point	  source	  above	  an	  impedance	  plane	  is	  
taken	  from	  [6].	  The	  acoustic	  pressure	  of	  a	  diverging	  spherical	  wave	  is	  	  
	   p = A𝑟 𝑒!(!"!!")	   (2.1)	  
4	  
	  
where	  A	  is	  a	  complex	  constant,	  𝑟	  is	  the	  distance	  from	  the	  source,	  and	  𝑘	  is	  the	  wave	  number	  defined	  by	  𝑘   =   𝜔/𝑐.	  Using	  the	  method	  of	  images,	  it	  is	  possible	  to	  derive	  the	  equation	  for	  the	  acoustic	  pressure	  
field	  of	  spherical	  waves	  impinging	  on	  a	  planar	  boundary.	  An	  imaginary	  image	  source	  is	  mirrored	  onto	  the	  
opposite	  side	  of	  the	  boundary,	  as	  in	  Fig.	  1.	  The	  pressure,	  evaluated	  at	  any	  point	  in	  space	  above	  the	  
impedance	  plane,	  is	  the	  superposition	  of	  the	  actual	  point	  source	  and	  the	  identical	  image	  source.	  The	  
sum	  of	  the	  pressure	  incident	  on	  the	  boundary	  and	  the	  pressure	  reflected	  from	  the	  boundary	  is	  given	  by	  
	   p = p! + p! = A 1𝑟! 𝑒!!"!! + 𝚪!(𝜃)𝑟! 𝑒!!"!! 𝑒!"#	   (2.2)	  
where	  the	  distance	  from	  the	  actual	  source	  to	  a	  field	  point	  is	  𝑟!	  and	  the	  distance	  from	  the	  image	  source	  
to	  that	  field	  point	  is	  𝑟!.	  The	  complex	  reflection	  coefficient	  𝚪!(𝜃)	  is	  a	  function	  of	  the	  angle	  𝜃	  that	  is	  set	  up	  
between	  the	  source	  and	  field	  point.	  	  
For	  normal	  incidence	  measurements,	  we	  are	  interested	  in	  the	  pressure	  field	  along	  the	  axis	  
perpendicular	  to	  the	  boundary.	  Representing	  this	  axis	  with	  the	  variable	  𝑑	  and	  defining	  the	  ground	  to	  be	  
at	  𝑑 = 0,	  the	  actual	  point	  source	  at	  𝑑 = 𝐷,	  and	  the	  image	  source	  at	  𝑑 = −𝐷,	  it	  follows	  that	  the	  two	  
distance	  variables	  in	  Eq.	  (2.2)	  can	  be	  redefined	  as	  𝑟! = 𝐷 − 𝑑	  and	  𝑟! = 𝐷 + 𝑑.	  By	  performing	  this	  
change	  of	  variables,	  we	  can	  rewrite	  Eq.	  (2.2)	  for	  the	  pressure	  field	  along	  the	  normal	  incidence	  axis	  as	  
	   p(𝑑) = A 1𝐷 − 𝑑 𝑒!!"(!!!) + 𝚪𝐷 + 𝑑 𝑒!!"(!!!) 	   (2.3)	  
Figure	  1:	  Geometry	  of	  point	  source	  and	  image	  source	  above	  
impedance	  plane	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where	  the	  variable	  𝚪	  represents	  the	  plane	  wave	  reflection	  coefficient	  evaluated	  for	  normal	  incidence	  (𝜃 = 0)	  and	  the	  equation’s	  harmonic	  time	  dependence	  term	  has	  been	  dropped.	  Rearranging	  terms	  in	  
Eq.	  (2.3)	  results	  in	  Eq.	  (2.4).	  
	   p(𝑑) = 𝑨𝑒!!"#𝐷 𝐷𝐷 − 𝑑 𝑒!"# + 𝚪D𝐷 + 𝑑 𝑒!!"# 	   (2.4)	  
The	  leading	  constant	  coefficient	  of	  Eq.	  (2.4)	  can	  be	  renamed	  Pin	  resulting	  in	  Eq.	  (2.5).	  
	   p(𝑑) = Pin 𝐷𝐷 − 𝑑 𝑒!"# + 𝚪D𝐷 + 𝑑 𝑒!!"# 	   (2.5)	  
Evaluated	  at	  the	  ground,	  Eq.	  (2.5)	  reduces	  to	  
	   p(0) = Pin 1 + 𝚪 	   (2.6)	  
where	  it	  is	  clear	  that	  the	  complex	  sound	  pressure	  at	  the	  surface	  is	  the	  superposition	  of	  the	  actual	  point	  
source	  and	  a	  scaled	  image	  source.	  The	  quantity	  Pin	  represents	  the	  complex	  pressure	  incident	  on	  the	  
boundary	  from	  the	  actual	  source	  at	  a	  distance	  𝐷	  away.	  	  
The	  preceding	  derivation	  can	  also	  be	  applied	  to	  a	  source	  of	  plane	  waves.	  The	  equivalent	  of	  Eq.	  
(2.5)	  for	  a	  plane	  wave	  source	  is	  
	   p(𝑑) = Pin 𝑒!"# + 𝚪𝑒!!"# 	   (2.7)	  
where	  the	  complex	  quantities	  Pin	  and	  𝚪	  represent	  the	  same	  quantities	  as	  with	  a	  point	  source.	  Both	  Eqs.	  
(2.5)	  and	  (2.7)	  contain	  two	  unknown	  quantities,	  Pin	  and	  𝚪,	  that	  must	  be	  solved	  for	  to	  define	  the	  pressure	  
field	  above	  the	  impedance	  plane.	  
The	  quantity	  typically	  desired	  for	  noise	  propagation	  modeling	  is	  the	  normal	  specific	  acoustic	  
impedance.	  Defined	  as	  the	  ratio	  between	  the	  pressure	  and	  the	  normal	  component	  of	  the	  particle	  
velocity,	  the	  normal	  specific	  acoustic	  impedance	  is	  	  	  
	   zn = pu ∙ 𝑛 = pu  cos  (𝜃)	   (2.8)	  
where	  𝑛	  is	  the	  unit	  vector	  perpendicular	  to	  the	  surface	  and	  𝜃	  is	  the	  angle	  as	  defined	  in	  Fig.	  (1).	  	  
In	  absence	  of	  a	  method	  to	  measure	  the	  particle	  velocity	  directly,	  the	  normal	  specific	  acoustic	  
impedance	  can	  be	  calculated	  with	  knowledge	  of	  the	  plane	  wave	  reflection	  coefficient.	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   zn = 𝜌𝑐cos  (𝜃) 1 + 𝚪1 − 𝚪	   (2.9)	  
In	  Eq.	  (2.9)	  the	  quantity	  𝜌𝑐	  is	  the	  characteristic	  impedance	  of	  the	  air	  above	  the	  surface.	  For	  normal	  
incidence,	  cos(𝜃) = 1	  and	  Eq.	  (2.9)	  reduces	  to	  
	   zn𝜌𝑐 = 1 + 𝚪1 − 𝚪	   (2.10)	  
where	  z! 𝜌𝑐	  is	  referred	  to	  as	  the	  normalized	  normal	  specific	  acoustic	  impedance.	  Throughout	  this	  
work,	  the	  terms	  normal	  specific	  acoustic	  impedance	  and	  impedance	  are	  used	  for	  brevity	  to	  denote	  the	  
normalized	  normal	  specific	  acoustic	  impedance.	  
2.2	  Oblique	  Incidence	  
	   As	  mentioned	  previously,	  the	  method	  proposed	  in	  [1]	  models	  the	  pressure	  field	  of	  spherical	  
waves	  radiating	  from	  a	  point	  source	  obliquely	  incident	  on	  the	  ground	  surface.	  This	  technique,	  referred	  
to	  here	  forward	  as	  the	  ANSI	  method,	  relies	  primarily	  on	  work	  from	  [14].	  Concisely,	  the	  ANSI	  method	  
involves	  searching	  for	  an	  admittance	  which	  best	  matches	  the	  measured	  pressures	  to	  the	  pressure	  
predicted	  by	  the	  following	  model:	  
	   p(𝑓) =    1𝑟! 𝑒!!"!! + Q(𝑓,𝜷)𝑟! 𝑒!!"!! 	   (2.11)	  
where	  the	  pressure	  is	  determined	  for	  each	  frequency	  and	  the	  distance	  variables	  𝑟!	  and	  𝑟!	  are	  defined	  as	  
in	  Fig.	  (1).	  It	  should	  be	  noted	  that	  the	  admittance	  term	  used	  throughout	  [1]	  is	  the	  inverse	  of	  the	  
normalized	  normal	  specific	  acoustic	  impedance:	  zn 𝜌𝑐 = 1 𝜷.	  The	  variable	  Q	  represents	  the	  spherical	  
wave	  reflection	  coefficient	  and	  is	  related	  to	  the	  plane	  wave	  reflection	  coefficient	  by	  	  
	   Q(𝑓,𝜷) =   𝚪 + (1 − 𝚪)𝑭(𝒘)	   (2.12)	  
where	  the	  term	  𝑭(𝑤)	  represents	  the	  boundary	  loss	  factor.	  This	  additional	  term	  is	  a	  correction	  to	  
account	  for	  the	  interaction	  of	  the	  curved	  wavefront	  with	  the	  ground	  [2].	  This	  term	  is	  a	  function	  of	  the	  
experimental	  geometry	  and	  the	  admittance	  through	  Eqs.	  (2.13)	  and	  (2.14).	  
	   𝑭(𝒘) ≈ 1 + 𝑗 𝜋𝒘𝑒!𝒘!erfc(−𝑗𝒘)	   (2.13)	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   𝒘 = cos(𝜃 + 𝜷) 12 𝑗𝑘𝑟!	   (2.14)	  
Additionally,	  the	  plane	  wave	  reflection	  coefficient	  in	  Eq.	  (2.12)	  is	  determined	  by	  the	  admittance	  and	  the	  
experimental	  geometry	  through	  
	   𝚪 = cos(𝜃) − 𝜷cos(𝜃) + 𝜷	   (2.15)	  
where	  𝜃	  is	  the	  angle	  of	  incidence	  as	  defined	  in	  Fig.	  (1).	  The	  admittance	  that	  is	  found	  to	  best	  match	  the	  
measured	  pressure	  field	  to	  the	  model	  is	  then	  inverted	  and	  given	  as	  the	  normal	  specific	  acoustic	  
impedance	  of	  the	  ground.	  	  
2.3	  Boundary	  Conditions	  
	   The	  previous	  two	  methods	  rely	  on	  modeling	  the	  pressure	  field	  as	  either	  plane	  or	  spherical	  waves	  
either	  normally	  or	  obliquely	  incident	  on	  the	  ground	  surface.	  A	  departure	  from	  these	  methods	  is	  to	  not	  
assume	  a	  model	  of	  the	  pressure	  field	  and	  instead	  rely	  on	  adherence	  to	  the	  boundary	  conditions	  at	  the	  
ground	  surface.	  Proposed	  in	  [10],	  this	  method	  will	  be	  referred	  to	  here	  forward	  as	  the	  Boundary	  
Conditions	  method	  or	  BC	  method	  for	  short.	  The	  BC	  method	  uses	  the	  requirement	  that	  the	  boundary	  
conditions	  must	  be	  met	  at	  the	  interface	  of	  two	  media.	  Those	  two	  conditions	  are	  that	  the	  pressure	  and	  
normal	  component	  of	  the	  particle	  velocity	  are	  continuous	  across	  the	  media	  boundary.	  A	  restatement	  of	  
the	  boundary	  conditions	  is	  requiring	  the	  normal	  specific	  acoustic	  impedance	  to	  be	  continuous	  across	  the	  
boundary	  [6].	  Soh	  et	  al.	  take	  advantage	  of	  this	  relationship	  between	  the	  boundary	  conditions	  and	  the	  
normal	  specific	  acoustic	  impedance	  by	  attempting	  to	  measure	  the	  pressure	  and	  pressure	  gradient	  near	  
the	  boundary.	  Beginning	  with	  Eq.	  (2.8),	  the	  particle	  velocity	  can	  be	  found	  using	  	  
	   u = ∇𝚽	   (2.16)	  
where	  𝚽	  is	  the	  velocity	  potential	  of	  the	  pressure	  wave.	  The	  velocity	  potential	  is	  related	  to	  the	  acoustic	  
pressure	  by	  
	   𝚽 = −p𝑗𝜔𝜌!	   (2.17)	  
where	  𝜌!	  is	  the	  equilibrium	  density.	  Combining	  Eqs.	  (2.16)	  and	  (2.17)	  results	  in	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   u = ∇𝚽 = −1𝑗𝜔𝜌! 𝑥 𝜕p𝜕𝑥 + 𝑦 𝜕p𝜕𝑦 + 𝑑 𝜕p𝜕𝑑 	   (2.18)	  
where	  𝑑	  has	  replaced	  the	  typical	  third	  rectangular	  coordinate	  𝑧	  to	  keep	  consistent	  with	  the	  previous	  
discussion	  along	  the	  normal	  axis	  and	  to	  not	  confuse	  the	  coordinate	  𝑧	  with	  the	  impedance	  z.	  Substituting	  
Eq.	  (2.18)	  into	  Eq.	  (2.8)	  results	  in	  
	   zn = p−1𝑗𝜔𝜌! 𝑥 𝜕p𝜕𝑥 + 𝑦 𝜕p𝜕𝑦 + 𝑑 𝜕p𝜕𝑑 ∙ 𝑛	   (2.19)	  
where	  the	  unit	  vector	  𝑛	  is	  in	  the	  negative	  𝑑	  direction.	  Simplifying	  Eq.	  (2.19)	  reveals	  
	   zn = 𝑗𝜔𝜌!p𝜕p𝜕𝑑 	   (2.20)	  
Regrouping	  and	  rearranging	  terms	  in	  Eq.	  (2.20)	  results	  in	  
	   zn𝜌𝑐 = p𝜕p𝜕𝑑 𝑗𝑘1 	   (2.21)	  
where	  z! 𝜌𝑐	  is	  referred	  to	  as	  the	  normalized	  normal	  specific	  acoustic	  impedance.	  If	  this	  expression	  is	  
evaluated	  at	  the	  ground	  surface	  (𝑑 = 0),	  then	  it	  is	  possible	  to	  determine	  the	  normal	  specific	  acoustic	  
impedance	  of	  the	  ground.	  	  
	   Unfortunately,	  without	  knowing	  the	  equation	  of	  the	  pressure	  field	  along	  the	  normal	  axis	  𝑑,	  it	  is	  
impossible	  to	  determine	  the	  slope	  of	  the	  pressure	  function	  𝜕p 𝜕𝑑	  in	  Eq.	  (2.21).	  Instead,	  the	  slope	  can	  
be	  approximated	  using	  the	  first	  two	  terms	  of	  the	  Taylor	  series.	  The	  Taylor	  series	  expansion	  of	  the	  
pressure	  function	  along	  the	  normal	  axis	  𝑑	  and	  about	  a	  point	  𝑑 = 𝑎	  is	  
	   p(𝑑) = p(𝑎) + p′(𝑎)1! (𝑑 − 𝑎) + p′′(𝑎)2! (𝑑 − 𝑎)! +⋯	   (2.22)	  
Performing	  the	  expansion	  about	  a	  point	  very	  close	  to	  the	  ground	  surface,	  𝑑!,	  and	  then	  evaluating	  the	  
equation	  at	  a	  point	  higher	  than	  𝑑!,	  called	  𝑑!,	  results	  in	  	  
	   p(𝑑!) ≈ p(𝑑!) + p′(𝑑!)1! (𝑑! − 𝑑!)	   (2.23)	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where	  the	  approximation	  notation	  is	  required	  because	  only	  the	  first	  two	  terms	  of	  the	  series	  have	  been	  
included.	  Solving	  for	  the	  first	  derivative	  term	  shows	  that	  
	   p′(𝑑!) ≈ p(𝑑!) − p(𝑑!)(𝑑! − 𝑑!) 	   (2.24)	  
which	  can	  be	  substituted	  into	  Eq.	  (2.16)	  resulting	  in	  
	   zn𝜌𝑐 ≈ pp(𝑑!) − p(𝑑!) 𝑗𝑘(𝑑! − 𝑑!)1 	   (2.25)	  
Because	  this	  method	  does	  not	  make	  any	  assumption	  about	  the	  direction	  or	  manner	  in	  which	  the	  
pressure	  waves	  propagate,	  Eq.	  (2.25)	  can	  be	  applied	  to	  measurements	  made	  in	  both	  normal	  and	  oblique	  
incidence	  configurations.	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3.	  Experimental	  Techniques	  
3.1	  Materials	  
The	  experiments	  were	  performed	  on	  the	  lawn	  of	  the	  US	  Army	  Engineer	  Research	  and	  
Development	  Center,	  Construction	  Engineering	  Research	  Laboratory	  (ERDC/CERL).	  In	  place	  of	  an	  ideal	  
point	  source,	  a	  powered	  subwoofer	  with	  sufficiently	  low	  frequency	  response	  was	  selected.	  The	  
SuperCube	  II	  by	  Definitive	  Technology	  is	  an	  8-­‐inch	  loudspeaker	  with	  an	  internal	  power	  amplifier	  
contained	  in	  a	  30.5	  x	  30.5	  x	  31.8	  cm	  enclosure.	  The	  manufacture’s	  listed	  frequency	  response	  of	  the	  
SuperCube	  II	  is	  14	  –	  200	  Hz.	  The	  subwoofer	  was	  powered	  with	  110	  V	  AC.	  	  
The	  signal	  played	  through	  the	  subwoofer	  is	  a	  240	  second	  chirp	  that	  increases	  linearly	  in	  
frequency	  from	  10	  –	  250	  Hz.	  A	  spectrogram	  of	  the	  chirp	  signal	  is	  shown	  in	  Fig.	  2.	  Chirp	  signals	  are	  
advantageous	  over	  playing	  pure	  tones	  at	  discrete	  frequencies	  because	  they	  give	  a	  complete	  picture	  of	  
the	  impedance	  spectrum	  over	  the	  targeted	  frequency	  range	  while	  reducing	  the	  time	  required	  to	  take	  
measurements.	  The	  primary	  disadvantage	  of	  using	  a	  chirp	  signal	  is	  gauging	  the	  necessary	  chirp	  rate	  
(Hz/s)	  to	  allow	  sufficient	  observation	  time	  across	  the	  targeted	  frequency	  range.	  Some	  preliminary	  
measurements	  indicated	  that	  a	  longer	  chirp	  time,	  and	  thus	  a	  slower	  chirp	  rate,	  reduced	  variation	  along	  
the	  resulting	  impedance	  curves.	  A	  240	  second	  chirp	  length	  was	  selected	  to	  balance	  the	  resolution	  
needed	  in	  resulting	  impedance	  curves	  with	  the	  additional	  time	  necessary	  to	  carry	  out	  experiments	  with	  
a	  longer	  chirp.	  The	  chirp	  signal	  WAV	  file	  was	  loaded	  onto	  a	  CompactFlash	  card	  and	  played	  using	  a	  
Marantz	  PMD660	  Digital	  Audio	  Recorder.	  	  
Figure	  2:	  Spectrogram	  of	  chirp	  signal	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To	  suspend	  the	  subwoofer	  above	  the	  ground	  for	  normal	  incidence	  measurements,	  a	  length	  of	  
braided-­‐metal	  wire	  was	  strung	  over	  the	  top	  of	  two	  telescoping	  tripods,	  as	  shown	  in	  Fig.	  3.	  The	  tripods	  
were	  separated	  a	  distance	  of	  30	  feet	  and	  staked	  into	  the	  ground	  at	  their	  base	  and	  guyed	  out	  for	  
additional	  stability.	  A	  removable	  metal	  frame	  was	  constructed	  around	  the	  subwoofer	  to	  create	  points	  
where	  carabiners	  could	  attach.	  Metal	  chain	  was	  used	  to	  hang	  the	  speaker	  from	  the	  suspended	  wire.	  The	  
height	  of	  the	  speaker	  could	  be	  adjusted	  by	  loosening	  the	  tension	  of	  the	  wire.	  For	  oblique	  incidence	  
measurements,	  the	  speaker	  was	  detached	  from	  the	  wire	  and	  placed	  directly	  on	  the	  ground,	  as	  shown	  in	  
Fig.	  4.	  In	  this	  configuration,	  the	  center	  of	  the	  loudspeaker	  measured	  21	  cm	  off	  the	  ground.	  	  
	  
	  
Figure	  3:	  Normal	  incidence	  setup	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Figure	  4:	  Oblique	  incidence	  setup	  
	  
	  
	  
Figure	  5:	  Microphone	  array	  with	  windscreens,	  bottom	  microphone	  is	  concealed	  by	  blades	  of	  grass	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For	  all	  experiments,	  the	  pressure	  field	  was	  measured	  using	  an	  array	  of	  four	  microphones,	  as	  
shown	  in	  Fig.	  5.	  A	  metal	  brace	  with	  four	  BNC	  connectors	  welded	  10	  cm	  apart	  served	  as	  the	  supporting	  
structure	  for	  the	  array.	  Four	  G.R.A.S.	  Type	  40AE	  ½-­‐inch	  microphones	  were	  paired	  with	  G.R.A.S.	  Type	  
26CA	  ½-­‐inch	  CCP	  preamplifiers	  and	  attached	  to	  the	  array’s	  BNC	  connectors.	  To	  help	  secure	  the	  array	  
into	  the	  ground,	  a	  removable	  stake	  could	  be	  screwed	  into	  either	  end	  of	  the	  array.	  Once	  the	  array	  was	  
staked	  into	  the	  ground,	  windscreens	  were	  placed	  on	  the	  top	  three	  microphones.	  The	  lowest	  microphone	  
was	  not	  fitted	  with	  a	  windscreen	  because	  it	  was	  close	  to	  the	  ground	  and	  within	  blades	  of	  grass.	  	  A	  RION	  
DA-­‐20	  4-­‐channel	  data	  recorder	  was	  used	  to	  power	  the	  CCLD	  compatible	  preamplifiers	  and	  record	  
pressure	  waveforms	  onto	  a	  CompactFlash	  card.	  In	  addition	  to	  supplying	  the	  RION	  DA-­‐20	  with	  the	  
manufacturer’s	  microphone	  sensitivity	  levels,	  the	  microphones	  were	  calibrated	  with	  a	  Brüel	  &	  Kjær	  type	  
4228	  pistonphone	  after	  each	  day	  of	  measurements.	  A	  weather	  station	  was	  deployed	  near	  the	  test	  site	  to	  
monitor	  wind	  speed	  and	  temperature.	  
3.2	  Signal	  Processing	  
	   The	  RION	  DA-­‐20	  records	  four	  channels	  simultaneously,	  enabling	  retrieval	  of	  pressure	  magnitude	  
and	  relative	  phase	  information.	  Each	  recording	  of	  the	  chirp	  signal	  was	  calibrated	  and	  clipped	  manually	  
so	  as	  to	  contain	  only	  the	  240	  second	  chirp	  and	  discard	  extraneous	  beginning	  and	  ending	  waveforms.	  An	  
extra	  processing	  step	  was	  added	  to	  reduce	  out-­‐of-­‐band	  noise.	  Instead	  of	  applying	  a	  single	  discrete	  
Fourier	  transform	  to	  the	  clipped	  and	  calibrated	  signal,	  a	  modified	  short-­‐time	  Fourier	  transform	  was	  
implemented.	  Like	  a	  traditional	  short-­‐time	  Fourier	  transform,	  segments	  of	  the	  time	  domain	  signal	  are	  
Fourier	  transformed.	  However,	  instead	  of	  concatenating	  the	  resulting	  frequency	  domain	  
representations	  together	  in	  a	  matrix,	  only	  a	  small	  number	  of	  bins	  are	  kept	  from	  each	  Fourier	  
transformed	  segment.	  Because	  the	  chirp	  rate	  is	  known,	  it	  is	  possible	  to	  keep	  only	  bins	  that	  cover	  the	  
chirp	  frequencies	  played	  during	  a	  particular	  time	  segment	  and	  discard	  the	  rest.	  These	  select	  bins	  are	  
then	  concatenated	  together	  to	  form	  a	  signal	  frequency	  domain	  vector.	  For	  these	  experiments,	  a	  
sampling	  rate	  of	  2.4	  kHz	  was	  used	  and	  a	  Hamming	  window	  was	  applied	  to	  each	  segment	  before	  being	  
Fourier	  transformed.	  	  
	   After	  obtaining	  complex	  pressures	  for	  frequencies	  between	  10	  Hz	  and	  250	  Hz,	  this	  information	  
was	  sent	  through	  the	  appropriate	  algorithm	  to	  find	  estimates	  of	  the	  normal	  specific	  acoustic	  impedance	  
of	  the	  ground.	  For	  measurements	  made	  in	  the	  normal	  incidence	  configuration,	  a	  search	  routine	  was	  
implemented	  to	  find	  the	  best	  fit	  of	  Eq.	  (2.5)	  to	  the	  measured	  complex	  pressure	  data	  from	  all	  four	  
microphones.	  MATLAB’s	  nlinfit	  function,	  part	  of	  the	  Statistics	  Toolbox,	  performed	  the	  nonlinear	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regression	  using	  the	  Levenberg-­‐Marquardt	  algorithm	  [8].	  The	  function	  finds	  the	  best	  fit	  in	  a	  least	  
squares	  sense	  by	  re-­‐estimating	  𝚪	  and	  Pin,	  thus	  evaluating	  
	   min𝚪,Pin pmeas(𝑑! , 𝑓) − p(𝑑! , 𝑓, 𝚪,Pin) !!!!! 	   (3.1)	  
where	  pmeas	  are	  the	  measured	  complex	  pressures	  and	  p	  are	  the	  computed	  complex	  pressures	  according	  
to	  the	  model	  given	  in	  Eq.	  (2.5).	  Equation	  (3.1)	  can	  also	  be	  evaluated	  using	  the	  plane	  wave	  model	  given	  in	  
Eq.	  (2.7).	  
	   In	  the	  case	  of	  oblique	  incidence	  experiments,	  a	  modified	  version	  of	  the	  MATLAB	  code	  supplied	  
with	  [1]	  was	  used	  to	  solve	  for	  the	  normal	  specific	  acoustic	  impedance.	  The	  supplied	  code	  uses	  the	  
Newton-­‐Raphson	  method	  to	  evaluate	  
	   𝜷!!! = 𝜷! − T(𝜷!) − Tmeas𝑑T𝑑𝜷 𝜷! 	   (3.2)	  
until	  the	  set	  convergence	  criteria	  is	  met.	  In	  Eq.	  (3.2),	  𝜷	  represents	  the	  normalized	  normal	  specific	  
acoustic	  admittance	  and	  the	  quantity	  T	  is	  equal	  to	  	  
	   T(𝑓) = pupper(𝑓)plower(𝑓)	   (3.3)	  
where	  pupper	  and	  plower	  are	  the	  complex	  pressures	  of	  the	  upper	  and	  lower	  microphones,	  respectively,	  as	  
calculated	  by	  the	  model	  in	  Eq.	  (2.11).	  The	  quantity	  Tmeas	  is	  the	  ratio	  in	  Eq.	  (3.3)	  with	  measured	  values	  of	  
complex	  pressure	  substituted	  for	  pupper	  and	  plower.	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4.	  Results	  
	   The	  following	  discussion	  highlights	  important	  results	  from	  experiments	  performed	  over	  the	  span	  
of	  several	  months.	  The	  plots	  in	  this	  chapter,	  with	  the	  exception	  of	  Fig.	  7,	  display	  the	  calculated	  
magnitude	  of	  the	  normal	  specific	  acoustic	  impedance.	  The	  magnitude	  of	  the	  normal	  specific	  acoustic	  
impedance	  best	  illustrates	  the	  differences	  between	  different	  methods	  and	  different	  days	  of	  
experiments.	  The	  complete	  set	  of	  calculated	  results	  is	  included	  in	  Appendix	  A.	  	  
4.1	  Effect	  of	  Nearby	  Structures	  
	  
	  
Figure	  6:	  Setup	  of	  normal	  incidence	  experiments	  performed	  on	  March	  13,	  2012	  
	  
The	  first	  outdoor	  experiment	  was	  performed	  on	  March	  13th,	  2012.	  Only	  normal	  incidence	  
experiments	  were	  performed	  on	  this	  day.	  Two	  tripods	  were	  separated	  a	  distance	  of	  30	  feet.	  A	  small	  
trailer	  and	  a	  pickup	  truck	  were	  used	  to	  secure	  the	  metal-­‐braided	  wire	  to	  the	  ground,	  as	  seen	  in	  Fig.	  (6).	  
The	  results	  from	  this	  initial	  experiment	  revealed	  two	  important	  factors	  that	  were	  considered	  for	  all	  
future	  experiments.	  The	  first	  observation	  is	  that	  windscreens	  placed	  on	  the	  upper	  three	  microphones	  
improve	  estimates,	  especially	  for	  frequencies	  below	  75	  Hz.	  This	  effect	  is	  demonstrated	  by	  comparing	  the	  
two	  curves	  in	  Fig.	  7,	  representing	  the	  magnitude	  of	  the	  pressure	  reflection	  coefficient.	  The	  variance	  of	  
estimates	  below	  75	  Hz	  is	  reduced	  when	  windscreens	  are	  used.	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Figure	  7:	  Effect	  of	  no	  windscreens	  (a)	  and	  windscreens	  (b)	  on	  estimates	  of	  the	  pressure	  reflection	  coefficient	  magnitude	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The	  second	  observation	  is	  that	  large	  structures	  within	  a	  100-­‐foot	  radius	  of	  the	  measurement	  site	  
will	  affect	  estimates	  of	  impedance.	  Oscillations	  appear	  in	  both	  the	  magnitude	  and	  phase	  of	  the	  pressure	  
reflection	  coefficient	  above	  approximately	  125	  Hz.	  In	  future	  experiments,	  the	  two	  tripods	  and	  metal-­‐
braided	  wire	  were	  secured	  to	  the	  ground	  by	  long	  stakes.	  Also,	  a	  new	  test	  site	  was	  selected	  on	  the	  CERL	  
lawn	  so	  that	  the	  nearest	  large	  structure	  was	  more	  than	  100	  feet	  away	  from	  the	  measurement	  site.	  None	  
of	  the	  results	  from	  these	  later	  experiments	  exhibit	  the	  oscillation	  pattern	  as	  seen	  in	  Fig.	  7.	  
4.2	  Normal	  Incidence	  Results	  
	   Additional	  normal	  incidence	  experiments	  were	  performed	  on	  June	  7th,	  2012,	  and	  August	  29th,	  
2012,	  at	  a	  single	  location	  on	  the	  CERL	  lawn.	  On	  June	  7th,	  the	  speaker	  was	  placed	  at	  heights	  of	  3.45	  m	  and	  
2.52	  m	  off	  the	  ground.	  The	  bottom	  microphone	  was	  located	  3	  cm	  off	  the	  ground	  surface.	  A	  comparison	  
of	  the	  impedances	  resulting	  from	  the	  spherical	  wave	  model,	  plane	  wave	  model,	  and	  BC	  method	  for	  
speaker	  heights	  of	  3.45	  m	  and	  2.52	  m	  is	  shown	  in	  Figs.	  8	  and	  9,	  respectively.	  	  
	  
	  
Figure	  8:	  Impedance	  estimates	  from	  data	  collected	  June	  7,	  2012,	  with	  speaker	  located	  3.45	  m	  off	  the	  ground	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Figure	  9:	  Impedance	  estimates	  from	  data	  collected	  June	  7,	  2012,	  with	  speaker	  located	  2.52	  m	  off	  the	  ground	  
	  
The	  impedance	  curve	  magnitudes	  calculated	  from	  the	  spherical	  wave	  model	  are	  similar	  for	  both	  
heights.	  The	  plane	  wave	  model	  curve	  calculated	  for	  a	  speaker	  height	  of	  2.52	  m	  is	  much	  flatter	  across	  the	  
frequency	  spectrum	  than	  for	  the	  3.45	  m	  height.	  The	  difference	  in	  the	  plane	  wave	  model	  curves	  may	  be	  
related	  to	  the	  questionable	  accuracy	  of	  the	  plane	  wave	  model	  at	  lower	  heights.	  As	  the	  source	  is	  moved	  
closer	  to	  the	  receiver,	  the	  wavefronts	  become	  more	  spherical	  and	  thus,	  less	  planar.	  This	  effect	  may	  limit	  
the	  accuracy	  of	  impedance	  estimates	  made	  with	  the	  plane	  wave	  model	  at	  lower	  heights.	  Another	  
observation	  is	  that	  the	  impedance	  magnitude	  calculated	  for	  the	  3.45	  m	  height	  with	  the	  BC	  method	  
curves	  upward	  much	  more	  sharply	  below	  75	  Hz	  compared	  with	  the	  BC	  method	  at	  the	  2.52	  m	  height.	  	  
	   Additional	  results	  from	  June	  7th	  indicated	  slightly	  less	  variation	  in	  impedance	  estimates	  at	  low	  
frequencies	  for	  the	  2.52	  m	  height.	  This	  is	  thought	  to	  be	  the	  result	  of	  an	  improved	  signal-­‐to-­‐noise	  ratio	  as	  
the	  source	  is	  moved	  closer	  to	  the	  receiver.	  Experiments	  performed	  on	  August	  29th	  were	  taken	  with	  the	  
speaker	  at	  2.53	  m	  for	  this	  reason.	  Also,	  while	  impedance	  estimates	  calculated	  from	  the	  BC	  method	  do	  
not	  depend	  on	  the	  direction	  or	  shape	  of	  wave	  propagation,	  the	  estimates	  do	  rely	  on	  accurately	  
computing	  the	  pressure	  gradient	  at	  the	  ground	  surface.	  To	  improve	  the	  estimates	  calculated	  with	  the	  BC	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method,	  the	  bottom	  microphone	  was	  placed	  on	  the	  ground	  surface	  for	  measurements	  taken	  August	  
29th.	  Impedance	  curves	  calculated	  from	  data	  collected	  August	  29th	  are	  shown	  in	  Fig.	  10.	  	  
	  
	  
Figure	  10:	  Impedance	  estimates	  from	  data	  collected	  August	  29,	  2012,	  with	  speaker	  located	  2.53	  m	  off	  the	  ground	  
	   	  
Impedance	  magnitudes	  are	  slightly	  higher	  across	  the	  frequency	  range	  for	  all	  three	  models,	  
compared	  to	  data	  collected	  June	  7th.	  It	  is	  important	  to	  note	  that	  the	  magnitude	  of	  the	  reflection	  
coefficient	  was	  estimated	  to	  be	  greater	  than	  1	  at	  frequencies	  below	  50	  Hz	  for	  the	  spherical	  wave	  model.	  
All	  real	  ground	  surfaces	  will	  have	  a	  reflection	  coefficient	  with	  magnitude	  less	  than	  1.	  For	  this	  reason,	  
impedance	  estimates	  from	  the	  spherical	  wave	  model	  below	  50	  Hz	  should	  not	  be	  considered	  accurate.	  
Ignoring	  this	  defect,	  one	  can	  still	  draw	  the	  conclusion	  that	  the	  ground	  surface	  exhibited	  higher	  
impedance	  on	  August	  29th	  than	  on	  June	  7th.	  Additional	  normal	  incidence	  results	  confirmed	  this	  
observation.	  The	  higher	  relative	  ground	  impedance	  magnitude	  may	  be	  attributed	  to	  the	  extremely	  dry	  
ground	  on	  June	  7th	  compared	  to	  the	  moderately	  moist	  ground	  of	  August	  29th.	  Interestingly,	  the	  plane	  
wave	  model	  and	  BC	  method	  curves	  intersect	  at	  roughly	  the	  same	  frequency	  in	  Fig.	  10	  as	  they	  do	  in	  Fig.	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9.	  Although	  the	  meaning	  of	  this	  intersection	  point	  is	  unknown,	  and	  may	  not	  be	  significant,	  it	  is	  a	  
welcome	  sign	  that	  these	  methods	  share	  some	  consistent	  similarity	  across	  different	  testing	  days.	  	  
The	  main	  motivation	  behind	  the	  experiments	  performed	  on	  August	  29th	  was	  to	  improve	  the	  
accuracy	  of	  the	  Boundary	  Conditions	  method	  by	  placing	  the	  lowest	  microphone	  on	  the	  ground	  surface.	  
Although	  not	  much	  can	  be	  stated	  as	  to	  whether	  this	  did	  indeed	  improve	  the	  accuracy	  of	  the	  BC	  method,	  
it	  is	  worth	  noting	  that	  the	  BC	  method	  curve	  did	  not	  converge	  significantly	  closer	  to	  either	  the	  spherical	  
or	  plane	  wave	  model	  curves.	  This	  may	  further	  establish	  the	  independence	  of	  these	  three	  methods.	  
Although	  these	  methods	  are	  purported	  to	  measure	  the	  same	  property	  of	  the	  ground,	  namely	  the	  normal	  
specific	  acoustic	  impedance,	  they	  each	  produce	  different	  estimates.	  	  
	   Interestingly,	  differences	  between	  the	  three	  normal	  incidence	  methods	  are	  often	  exaggerated	  
when	  examined	  using	  impedance	  curves	  compared	  to	  using	  pressure	  reflection	  coefficient	  curves.	  There	  
are	  several	  examples	  of	  impedance	  magnitude	  curves	  with	  higher	  variability	  than	  reflection	  coefficient	  
magnitude	  curves	  in	  Appendix	  A.	  This	  effect	  occurs	  even	  though	  the	  impedance	  and	  pressure	  reflection	  
coefficient	  curves	  are	  directly	  related	  through	  Eq.	  (2.10).	  One	  explanation	  for	  this	  effect	  is	  that	  the	  
reflection	  coefficient	  magnitude	  varies	  between	  zero	  and	  one	  whereas	  the	  impedance	  magnitude	  varies	  
between	  zero	  and	  infinity.	  This	  causes	  variations	  in	  reflection	  coefficient	  magnitude	  curves	  to	  be	  
magnified	  when	  displayed	  as	  impedance	  magnitude	  curves.	  	  
4.3	  Oblique	  Incidence	  Results	  
	   The	  first	  oblique	  incidence	  experiments	  were	  performed	  on	  May	  29th,	  2012.	  For	  these	  
experiments,	  the	  speaker	  was	  placed	  a	  distance	  of	  1.5	  m	  and	  2	  m	  away	  from	  the	  microphone	  array.	  The	  
bottom	  microphone	  was	  located	  4	  cm	  off	  the	  ground	  surface.	  With	  the	  array	  positioned	  so	  microphone	  
1	  was	  on	  top,	  Figs.	  11	  and	  12	  show	  impedance	  estimates	  from	  data	  collected	  with	  the	  speaker	  1.5	  m	  and	  
2	  m	  away,	  respectively.	  The	  legend	  clarifies	  which	  pair	  of	  microphones	  was	  used	  to	  calculate	  each	  
impedance	  curve.	  For	  example,	  “G12”	  is	  shorthand	  for	  estimates	  computed	  with	  the	  ANSI	  method	  using	  
the	  geometry	  such	  that	  microphone	  1	  is	  above	  microphone	  2.	  The	  term	  “BC”	  denotes	  estimates	  
calculated	  from	  the	  Boundary	  Conditions	  method.	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Figure	  11:	  Impedance	  estimates	  from	  data	  collected	  May	  29,	  2012,	  with	  speaker	  located	  1.5	  m	  from	  microphone	  array	  
	  
Figure	  12:	  Impedance	  estimates	  from	  data	  collected	  May	  29,	  2012,	  with	  speaker	  located	  2	  m	  from	  microphone	  array	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   In	  Fig.	  11,	  the	  magnitudes	  of	  the	  impedance	  curves	  peak	  near	  60	  Hz.	  Below	  this	  peak	  frequency,	  
the	  impedance	  estimates	  are	  not	  credible,	  due	  to	  the	  decreasing	  magnitude	  and	  erratic	  oscillations.	  In	  
Fig.	  12,	  the	  magnitudes	  peak	  near	  50	  Hz.	  Because	  the	  results	  from	  measurements	  made	  with	  the	  
speaker	  2	  m	  away	  offered	  this	  slight	  improvement	  in	  low-­‐frequency	  resolution,	  all	  future	  oblique	  
incidence	  experiments	  were	  performed	  with	  the	  speaker	  2	  m	  away	  from	  the	  microphone	  array.	  	  	  
	   Additional	  oblique	  incidence	  experiments	  were	  performed	  on	  the	  same	  day	  as	  the	  later	  normal	  
incidence	  experiments,	  June	  7th	  and	  August	  29th,	  and	  at	  the	  same	  location.	  On	  both	  days,	  the	  
experiments	  were	  performed	  with	  the	  microphone	  array	  in	  two	  orientations:	  microphone	  1	  on	  top	  and	  
microphone	  1	  on	  the	  bottom.	  The	  impedance	  estimates	  calculated	  with	  microphone	  1	  on	  top	  from	  June	  
7th	  and	  August	  29th	  are	  shown	  in	  Figs.	  13	  and	  14,	  respectively.	  	  
	  
	  
Figure	  13:	  Impedance	  estimates	  from	  data	  collected	  June	  7,	  2012,	  with	  microphone	  1	  on	  top	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Figure	  14:	  Impedance	  estimates	  from	  data	  collected	  August	  29,	  2012,	  with	  microphone	  1	  on	  top	  
	   	  
Two	  features	  of	  the	  above	  figures	  are	  of	  particular	  interest.	  First,	  the	  magnitudes	  of	  the	  
impedance	  curves	  calculated	  in	  Fig.	  14	  are	  generally	  higher	  than	  those	  in	  Fig.	  13.	  This	  observation	  agrees	  
with	  results	  from	  the	  normal	  incidence	  experiments,	  which	  also	  show	  higher	  impedance	  estimates	  from	  
August	  29th	  than	  those	  from	  June	  7th.	  Second,	  both	  sets	  of	  impedance	  curves	  exhibit	  local	  magnitude	  
peaks	  just	  below	  100	  Hz	  and	  global	  magnitude	  peaks	  just	  above	  50	  Hz.	  It	  is	  unlikely	  that	  the	  local	  
magnitude	  peaks	  are	  an	  actual	  property	  of	  the	  ground	  surface	  under	  test.	  	  
	   Results	  from	  June	  7th	  and	  August	  29th	  with	  microphone	  1	  on	  the	  bottom	  are	  shown	  in	  Figs.	  15	  
and	  16,	  respectively.	  Both	  Figs.	  15	  and	  16	  show	  a	  local	  magnitude	  peak	  below	  100	  Hz	  and	  a	  global	  
maximum	  peak	  above	  50	  Hz,	  as	  in	  Figs.	  13	  and	  14.	  Unlike	  the	  results	  with	  microphone	  1	  on	  top,	  the	  
curves	  calculated	  from	  data	  taken	  with	  microphone	  1	  on	  the	  bottom	  show	  the	  magnitude	  of	  impedance	  
higher	  on	  June	  7th	  than	  on	  August	  29th.	  Another	  peculiar	  feature	  is	  the	  “G21”	  and	  “BC”	  magnitude	  curves	  
in	  Fig.	  16.	  The	  curves	  do	  not	  follow	  the	  typical	  downward	  trending	  impedance	  seen	  in	  other	  curves.	  Both	  
used	  data	  collected	  from	  microphones	  1	  and	  2	  with	  “G21”	  using	  the	  ANSI	  method	  and	  “BC”	  using	  the	  BC	  
method.	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Figure	  15:	  Impedance	  estimates	  from	  data	  collected	  June	  7,	  2012,	  with	  microphone	  1	  on	  bottom	  
	  
Figure	  16:	  Impedance	  estimates	  from	  data	  collected	  August	  29,	  2012,	  with	  microphone	  1	  on	  bottom	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5.	  Conclusion	  
	   The	  goal	  of	  these	  experiments	  was	  to	  find	  a	  technique	  to	  accurately	  measure	  the	  ground	  
impedance	  at	  low	  frequencies.	  It	  is	  difficult	  to	  determine	  whether	  one	  impedance	  curve	  is	  more	  
accurate	  than	  another	  without	  first	  knowing	  the	  true	  impedance	  of	  the	  ground	  surface	  under	  test.	  
Before	  beginning	  the	  field	  experiments,	  it	  was	  thought	  that	  two	  sets	  of	  impedance	  estimates	  calculated	  
from	  different	  models	  but	  using	  the	  same	  data	  set	  could	  produce	  similar	  impedance	  curves.	  This	  result	  
would	  suggest	  that	  the	  true	  impedance	  of	  the	  ground	  surface	  was	  near	  the	  resulting	  impedance	  curve	  
estimate,	  which	  was	  confirmed	  by	  two	  distinct	  models.	  Unfortunately,	  none	  of	  the	  calculated	  
impedance	  estimates	  produced	  identical,	  or	  nearly	  identical,	  impedance	  curves.	  Without	  knowledge	  of	  
the	  true	  ground	  impedance,	  selecting	  one	  model	  over	  any	  other	  is	  conjecture.	  	  
	   In	  place	  of	  selecting	  one	  model’s	  accuracy	  over	  another,	  some	  observations	  and	  suggestions	  are	  
made	  for	  the	  future	  researcher.	  In	  addition	  to	  accurate	  measurements,	  this	  study	  was	  concerned	  with	  
producing	  measurements	  at	  low	  frequencies.	  Normal	  incidence	  experiments	  produced	  reasonable	  
results	  down	  to	  30	  Hz.	  While	  the	  oblique	  incidence	  data	  produced	  estimates	  down	  to	  the	  lowest	  
frequency	  of	  the	  chirp	  signal	  (10	  Hz),	  these	  estimates	  are	  generally	  erratic	  below	  100	  Hz.	  Additionally,	  
normal	  incidence	  experiments	  consistently	  produced	  smoother	  impedance	  curves	  across	  the	  frequency	  
spectrum	  than	  those	  calculated	  from	  the	  oblique	  incidence	  experiments.	  Smooth	  curves	  do	  not	  
necessarily	  indicate	  better	  estimates.	  However,	  the	  ground	  surface	  under	  test	  is	  a	  naturally	  
heterogeneous	  medium	  and	  narrowband	  impedance	  magnitude	  peaks,	  as	  seen	  in	  Figs.	  13,	  14,	  15,	  and	  
16,	  are	  possibly	  a	  defect	  of	  the	  model,	  the	  experimental	  geometry,	  or	  both.	  	  
	   One	  advantage	  of	  the	  oblique	  incidence	  methods	  is	  portability.	  Multiple	  people	  were	  required	  
to	  set	  up	  normal	  incidence	  experiments.	  Also,	  because	  the	  weight	  of	  the	  speaker	  required	  several	  deep	  
stakes	  to	  be	  drilled	  into	  the	  ground,	  the	  normal	  incidence	  apparatus	  is	  time-­‐consuming	  to	  set	  up.	  
Oblique	  incidence	  experiments	  can	  be	  performed	  by	  one	  individual	  and	  in	  multiple	  locations	  with	  
relative	  ease.	  	  
	   Future	  researchers	  may	  consider	  performing	  the	  normal	  and	  oblique	  incidence	  experiments	  
over	  several	  different	  locations	  and	  with	  varying	  levels	  of	  ground	  moisture.	  Also,	  a	  subwoofer	  with	  lower	  
frequency	  response	  could	  be	  used	  to	  improve	  the	  resolution	  of	  results	  below	  30	  Hz.	  Lastly,	  a	  known	  
reference	  impedance	  could	  be	  constructed	  based	  on	  the	  experimental	  success	  in	  [7]	  and	  [12].	  If	  this	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known	  impedance	  was	  built	  to	  be	  large	  enough,	  it	  is	  conceivable	  that	  normal	  and	  oblique	  incidence	  
experiments	  could	  be	  performed	  with	  this	  structure	  as	  the	  surface	  under	  test.	  
	   Finally,	  it	  should	  be	  noted	  that	  all	  of	  the	  discussed	  models	  have	  limitations.	  There	  is	  likely	  not	  
one	  model	  that	  will	  accurately	  determine	  the	  ground	  impedance	  for	  all	  conceivable	  experimental	  
setups.	  As	  statistician	  George	  E.	  P.	  Box	  wrote:	  “Essentially,	  all	  models	  are	  wrong,	  but	  some	  are	  useful”	  
[3].	  Indeed,	  any	  future	  experiments	  should	  focus	  on	  uncovering	  which	  models	  provide	  consistent	  
estimates	  of	  the	  normalized	  specific	  acoustic	  impedance	  so	  that	  these	  models	  may	  be	  used	  in	  improving	  
the	  accuracy	  of	  noise	  propagation	  models.	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Appendix	  A:	  Additional	  Results	  
A.1	  March	  13,	  2012	  with	  no	  windscreens	  (D00002.WAV)	  
	  
	  
Figure	  17:	  Estimates	  of	  the	  reflection	  coefficient	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  March	  13,	  2012	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Figure	  18:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  March	  13,	  2012	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Figure	  19:	  Estimates	  of	  Pin	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  March	  13,	  2012	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A.2	  March	  13,	  2012	  with	  windscreens	  (D00003.WAV)	  
	  
	  
Figure	  20:	  Estimates	  of	  the	  reflection	  coefficient	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  March	  13,	  2012	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Figure	  21:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  March	  13,	  2012	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Data collected on March 13, 2012 with orientation: mic1top and speaker distance: 3.5 m
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Figure	  22:	  Estimates	  of	  Pin	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  March	  13,	  2012	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A.3	  May	  29,	  2012	  (D00017.WAV)	  
	  
	  
Figure	  23:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  May	  29,	  2012	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A.4	  May	  29,	  2012	  (D00018.WAV)	  
	  
	  
Figure	  24:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  May	  29,	  2012	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Data collected on May 29, 2012 with orientation: mic1top and speaker distance: 2 m
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A.5	  June	  7th,	  2012	  (D00002.WAV)	  
	  
	  
Figure	  25:	  Estimates	  of	  the	  reflection	  coefficient	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	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Figure	  26:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	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Data collected on June 7, 2012 with orientation: mic1top and speaker distance: 3.45 m
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Figure	  27:	  Estimates	  of	  Pin	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	  
	  
0 50 100 150 200 2500
0.05
0.1
0.15
0.2
0.25
Frequency (Hz)
|P
in|
Estimates of Pin
Data collected on June 7, 2012 with orientation: mic1top and speaker distance: 3.45 m
 
 
Spherical Wave Model
Plane Wave Model
0 50 100 150 200 250−350
−300
−250
−200
−150
−100
−50
0
50
Frequency (Hz)

 P
in 
(ra
dia
ns
)
 
 
Spherical Wave Model
Plane Wave Model
(b)	  
(a)	  
39	  
	  
A.6	  June	  7th,	  2012	  (D00012.WAV)	  
	  
	  
Figure	  28:	  Estimates	  of	  the	  reflection	  coefficient	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	  
0 50 100 150 200 2500
0.2
0.4
0.6
0.8
1
1.2
Frequency (Hz)
|K
|
Estimates of the Pressure Reflection Coefficient
Data collected on June 7, 2012 with orientation: mic1bottom and speaker distance: 2.52 m
 
 
Spherical Wave Model
Plane Wave Model
Approx. Boundary Conditions
0 50 100 150 200 250
−1.5
−1
−0.5
0
0.5
1
1.5
Frequency (Hz)

 K
 (r
ad
ian
s)
 
 
Spherical Wave Model
Plane Wave Model
Approx. Boundary Conditions
(b)	  
(a)	  
40	  
	  
	  
	  
Figure	  29:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	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Figure	  30:	  Estimates	  of	  Pin	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	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A.7	  June	  7,	  2012	  (D00023.WAV)	  
	  
	  
Figure	  31:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	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A.8	  June	  7,	  2012	  (D00026.WAV)	  
	  
	  
Figure	  32:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  June	  7,	  2012	  
	  
0 50 100 150 200 2500
2
4
6
8
10
12
14
Frequency (Hz)
| z
 / 
l
c |
Estimates of the Normal Specific Acoustic Impedance
Data collected on June 7, 2012 with orientation: mic1top and speaker distance: 2 m
 
 
G12
G13
G14
G23
G24
G34
BC
0 50 100 150 200 250
−1.5
−1
−0.5
0
0.5
1
1.5
Frequency (Hz)

 z 
/ l
c (
ra
dia
ns
)
 
 
G12
G13
G14
G23
G24
G34
BC
(b)	  
(a)	  
44	  
	  
A.9	  August	  29,	  2012	  (D00006.WAV)	  
	  
	  
Figure	  33:	  Estimates	  of	  the	  reflection	  coefficient	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  August	  29,	  2012	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Figure	  34:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  August	  29,	  2012	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Figure	  35:	  Estimates	  of	  Pin	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  August	  29,	  2012	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A.10	  August	  29,	  2012	  (D00009.WAV)	  
	  
	  
Figure	  36:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  August	  29,	  2012	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A.11	  August	  29,	  2012	  (D00013.WAV)	  
	  
	  
Figure	  37:	  Estimates	  of	  the	  impedance	  magnitude	  (a)	  and	  phase	  (b)	  from	  data	  collected	  August	  29,	  2012	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Appendix	  B:	  MATLAB	  Code	  
B.1	  MATLAB	  script	  used	  to	  generate	  results	  for	  normal	  incidence	  experiments	  
(findZnormalSTFT_compare_models.m)	  
clear all 
close all 
clc 
  
load D6_chirp240 
Pwhole = pressure240; 
clear pressure240 press240_nopistonphone 
  
DataDate = 'August 29, 2012'; 
  
orientation = {'mic1top' 'mic1bottom'}; 
analyze = orientation{1}; 
  
speakerdistance = 2.53; % in meters 
bottomMicHeight = 0.006; % in meters (0.006 for ground surface) 
c = 343; 
windscreens = 'with'; 
chirplength = '240 seconds'; 
sitelabel = 'NorthLawn'; 
  
  
timelength = 0.5; % length of pressure signal to analyze (in seconds) 
widentimelength = 0.5; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
microphoneHeights = bottomMicHeight*ones(4,1) + [0.3; 0.2; 0.1; 0]; 
  
if strcmp(analyze,'mic1top') 
    d = microphoneHeights; 
    uppermic = 3; 
    lowermic = 4; 
elseif strcmp(analyze,'mic1bottom') 
    d = flipud(microphoneHeights); 
    uppermic = 2; 
    lowermic = 1; 
else 
    display('Error: unknown orientation') 
end 
  
[cA,f] = chirpstft(Pwhole,fs,10,250,timelength,widentimelength); 
  
b0 = [0.01 0.5 0.01 0]; % initial estimate 
b02 = b0; % initial estimate 
  
for n = 1:length(f); 
    y = [real(cA(n,:)).'; imag(cA(n,:)).']; 
    X = [d f(n)*ones(size(d)); d f(n)*ones(size(d))]; 
    X(2,2) = speakerdistance; 
    X(3,2) = c; 
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    % Solve assuming spherical waves 
    [bhat,r,J,COVB,mse] = nlinfit(X,y,@greens_wrapper,b0); 
    ci(n,:,:) = nlparci(bhat,r,'Jacobian',J); 
  
    Pin(n,1) = bhat(1) + 1i*bhat(3); 
    Gamma(n,1) = bhat(2) + 1i*bhat(4); 
    znorm(n,1) = (1 + Gamma(n,1))/(1 - Gamma(n,1)); 
     
    b0 = bhat; 
     
    % Solve assuming plane waves 
    [bhat2,r2,J2,COVB2,mse2] = nlinfit(X,y,@greens_wrapper2,b02); 
    ci2(n,:,:) = nlparci(bhat2,r2,'Jacobian',J2); 
     
    Pin2(n,1) = bhat2(1) + 1i*bhat2(3); 
    Gamma2(n,1) = bhat2(2) + 1i*bhat2(4); 
    znorm2(n,1) = (1 + Gamma2(n,1))/(1 - Gamma2(n,1)); 
     
    b02 = bhat2; 
     
    % Solve boundary condition method         
    znorm3(n,1) = 1i*2*pi*f(n)/c*(d(uppermic) - d(lowermic))*... 
        cA(n,lowermic)/(cA(n,uppermic)-cA(n,lowermic)); 
    Gamma3(n,1) = (znorm3(n,1) - 1)/(znorm3(n,1) + 1); 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Modified plots (6 figures) 
close all 
% Pressure Reflection Coefficient - Magnitude 
figure 
plot(f,abs(Gamma),'b.') 
hold on 
plot(f,abs(Gamma2),'r.') 
plot(f,abs(Gamma3),'k.') 
ylim([0 1.2]) 
grid on 
xlabel('Frequency (Hz)') 
ylabel('|\Gamma|') 
title({'Estimates of the Pressure Reflection Coefficient',... 
    ['Data collected on ' DataDate ' with orientation: ' analyze... 
    ' and speaker distance: ' num2str(speakerdistance) ' m']}) 
annotation('arrow',[0.18 0.18],[0.8 0.9]) 
legend('Spherical Wave Model','Plane Wave Model','Approx. Boundary 
Conditions') 
  
% Pressure Reflection Coefficient - Phase 
figure 
plot(f,angle(Gamma),'b.') 
hold on 
plot(f,angle(Gamma2),'r.') 
plot(f,angle(Gamma3),'k.') 
ylim([-pi/2 pi/2]) 
grid on 
xlabel('Frequency (Hz)') 
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ylabel('\angle \Gamma (radians)') 
annotation('arrow',[0.18 0.18],[0.8 0.9]) 
annotation('arrow',[0.18 0.18],[0.3 0.2]) 
legend('Spherical Wave Model','Plane Wave Model','Approx. Boundary 
Conditions') 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Impedance - Magnitude 
figure 
plot(f,abs(znorm),'b.') 
hold on 
plot(f,abs(znorm2),'r.') 
plot(f,abs(znorm3),'k.') 
grid on 
ylim([0 20]) 
xlabel('Frequency (Hz)') 
ylabel('| z_n / \rhoc |') 
title({'Estimates of the Normal Specific Acoustic Impedance',... 
    ['Data collected on ' DataDate ' with orientation: ' analyze... 
    ' and speaker distance: ' num2str(speakerdistance) ' m']}) 
annotation('arrow',[0.2 0.2],[0.8 0.9]) 
legend('Spherical Wave Model','Plane Wave Model','Approx. Boundary 
Conditions') 
  
% Impedance - Phase 
figure 
plot(f,angle(znorm),'b.') 
hold on 
plot(f,angle(znorm2),'r.') 
plot(f,angle(znorm3),'k.') 
grid on 
ylim([-pi/2 pi/2]) 
xlabel('Frequency (Hz)') 
ylabel('\angle z_n / \rhoc (radians)') 
annotation('arrow',[0.18 0.18],[0.8 0.9]) 
annotation('arrow',[0.18 0.18],[0.3 0.2]) 
legend('Spherical Wave Model','Plane Wave Model','Approx. Boundary 
Conditions') 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Pin - Magnitude 
figure 
plot(f,abs(Pin),'b.') 
hold on 
plot(f,abs(Pin2),'r.') 
grid on 
xlabel('Frequency (Hz)') 
ylabel('|P_{in}|') 
title({'Estimates of P_{in}',... 
    ['Data collected on ' DataDate ' with orientation: ' analyze... 
    ' and speaker distance: ' num2str(speakerdistance) ' m']}) 
legend('Spherical Wave Model','Plane Wave Model') 
  
% Pin - Phase 
figure 
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plot(f,unwrap(angle(Pin)),'b.') 
hold on 
plot(f,unwrap(angle(Pin2)),'r.') 
grid on 
xlabel('Frequency (Hz)') 
ylabel('\angle P_{in} (radians)') 
legend('Spherical Wave Model','Plane Wave Model') 
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B.2	  MATLAB	  script	  used	  to	  generate	  results	  for	  oblique	  incidence	  experiments	  
(findZobliqueSTFT_compare_models.m)	  
clear all 
close all 
clc 
  
% load D13_chirp240 
% pressure_mic1top = pressure240; 
% clear pressure240 press240_nopistonphone 
  
load D9_chirp240 
pressure_mic1bot = pressure240; 
clear pressure240 press240_nopistonphone 
  
DataDate = 'August 29, 2012'; 
  
speakerdistance = 2; % in meters 
bottomMicHeight = 0.006; % in meters (0.006 for ground surface) 
windscreens = 'with'; 
chirplength = '240 seconds'; 
sitelabel = 'NorthLawn'; 
orientation = {'mic1top' 'mic1bottom' 'both'}; 
analyze = orientation{2}; 
  
timelength = 0.5; % length of pressure signal to analyze (in seconds) 
widentimelength = 0.5; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sh = 0.21; 
d = speakerdistance; 
c = 343; 
slope = 2; 
yint = 10; 
first_beta_guess = 0.07 - 0.07i; 
microphoneHeights = bottomMicHeight*ones(1,4) + [0.3 0.2 0.1 0]; 
  
if strcmp(analyze,'mic1top') 
    numgeoms = 6; 
    Pwhole = pressure_mic1top; 
    micHeight = microphoneHeights; 
    G = NaN(numgeoms,4); 
    G(1,:) = [sh micHeight(1) micHeight(2) d]; % G12 
    G(2,:) = [sh micHeight(1) micHeight(3) d]; % G13 
    G(3,:) = [sh micHeight(1) micHeight(4) d]; % G14 
    G(4,:) = [sh micHeight(2) micHeight(3) d]; % G23 
    G(5,:) = [sh micHeight(2) micHeight(4) d]; % G24 
    G(6,:) = [sh micHeight(3) micHeight(4) d]; % G34 
    uppermic = 3; 
    lowermic = 4; 
elseif strcmp(analyze,'mic1bottom') 
    numgeoms = 6; 
    Pwhole = pressure_mic1bot; 
    micHeight = fliplr(microphoneHeights); 
    G = NaN(numgeoms,4); 
    G(1,:) = [sh micHeight(4) micHeight(3) d]; % G43 
    G(2,:) = [sh micHeight(4) micHeight(2) d]; % G42 
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    G(3,:) = [sh micHeight(4) micHeight(1) d]; % G41 
    G(4,:) = [sh micHeight(3) micHeight(2) d]; % G32 
    G(5,:) = [sh micHeight(3) micHeight(1) d]; % G31 
    G(6,:) = [sh micHeight(2) micHeight(1) d]; % G21 
    uppermic = 2; 
    lowermic = 1; 
elseif strcmp(analyze,'both') 
    numgeoms = 2; 
    Pwhole = [pressure_mic1top pressure_mic1bot]; 
    micHeight = microphoneHeights; 
    G = NaN(numgeoms,4); 
    G(1,:) = [sh micHeight(1) micHeight(4) d]; % Gtb 
    G(2,:) = [sh micHeight(2) micHeight(3) d]; % Gmuml 
else 
    display('Error: unknown orientation') 
end 
clear pressure_mic1top pressure_mic1bot orientation sh d microphoneHeights 
  
[cA,f] = chirpstft(Pwhole,fs,10,250,timelength,widentimelength); 
  
TF = NaN(numgeoms,length(f)); 
if strcmp(analyze,'mic1top') 
    TF(1,:) = cA(:,1)./cA(:,2); % TF12 
    TF(2,:) = cA(:,1)./cA(:,3); % TF13 
    TF(3,:) = cA(:,1)./cA(:,4); % TF14 
    TF(4,:) = cA(:,2)./cA(:,3); % TF23 
    TF(5,:) = cA(:,2)./cA(:,4); % TF24 
    TF(6,:) = cA(:,3)./cA(:,4); % TF34 
elseif strcmp(analyze,'mic1bottom') 
    TF(1,:) = cA(:,4)./cA(:,3); % TF43 
    TF(2,:) = cA(:,4)./cA(:,2); % TF42 
    TF(3,:) = cA(:,4)./cA(:,1); % TF41 
    TF(4,:) = cA(:,3)./cA(:,2); % TF32 
    TF(5,:) = cA(:,3)./cA(:,1); % TF31 
    TF(6,:) = cA(:,2)./cA(:,1); % TF21 
elseif strcmp(analyze,'both') 
    TF(1,:) = sqrt(cA(:,1)./cA(:,4).*cA(:,8)./cA(:,5)); % TFtb 
    TF(2,:) = sqrt(cA(:,2)./cA(:,3).*cA(:,7)./cA(:,6)); % TFmuml 
else 
    display('Error: unknown orientation') 
end 
  
% Solve using ANSI method 
Z = NaN(numgeoms,length(f)); 
beta0 = first_beta_guess*ones(numgeoms,1); 
for n = 1:numgeoms 
    [Z(n,:),~,~,beta0(n,:)] = gitzee(f,TF(n,:),G(n,:),c,beta0(n,:)); 
end 
  
% Solve using boundary conditions 
for n = 1:length(f); 
    znorm(n,1) = 1i*2*pi*f(n)/c*(micHeight(uppermic) - 
micHeight(lowermic))*... 
        cA(n,lowermic)/(cA(n,uppermic)-cA(n,lowermic)); 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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% Modified plots (2 figures) 
close all 
% Impedance - Magnitude 
figure 
plot(f,abs(Z),'.') 
hold on 
plot(f,abs(znorm),'k.') 
grid on 
ylim([0 14]) 
xlabel('Frequency (Hz)') 
ylabel('| z / \rhoc |') 
if strcmp(analyze,'mic1top') 
    legend('G12','G13','G14','G23','G24','G34','BC') 
elseif strcmp(analyze,'mic1bottom') 
    legend('G43','G42','G41','G32','G31','G21','BC') 
elseif strcmp(analyze,'both') 
    legend('Gtb','Gmuml') 
else 
    display('Error: unknown orientation') 
end 
title({'Estimates of the Normal Specific Acoustic Impedance',... 
    ['Data collected on ' DataDate ' with orientation: ' analyze... 
    ' and speaker distance: ' num2str(speakerdistance) ' m']}) 
annotation('arrow',[0.2 0.2],[0.8 0.9]) 
  
% Impedance - Phase 
figure 
plot(f,angle(Z),'.') 
hold on 
plot(f,angle(znorm),'k.') 
grid on 
ylim([-pi/2 pi/2]) 
xlabel('Frequency (Hz)') 
ylabel('\angle z / \rhoc (radians)') 
if strcmp(analyze,'mic1top') 
    legend('G12','G13','G14','G23','G24','G34','BC') 
elseif strcmp(analyze,'mic1bottom') 
    legend('G43','G42','G41','G32','G31','G21','BC') 
elseif strcmp(analyze,'both') 
    legend('Gtb','Gmuml') 
else 
    display('Error: unknown orientation') 
end 
annotation('arrow',[0.18 0.18],[0.8 0.9]) 
annotation('arrow',[0.18 0.18],[0.3 0.2]) 
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B.3	  MATLAB	  function	  used	  to	  analyze	  chirp	  signal	  (chirpstft.m)	  
function [cA,f] = chirpstft(pressure,fs,chirpstartf,chirpendf,interval,widen) 
  
% Initialize variables 
[numsamps numchans] = size(pressure); 
slope = (chirpendf - chirpstartf)/(numsamps/fs); % slope of chirp 
yint = chirpstartf; % y-intercept of chirp 
n1 = 1; % beginning time (sample) index of first interval 
n2 = interval*fs; % end time (sample) index of first interval 
f = NaN; % initialize f vector 
cA = NaN(1,numchans); % initialize cA matrix 
widenint = widen*fs; 
  
% Perform STFT 
N = 2^nextpow2(interval*fs + 2*widenint); 
% N = interval*fs; 
while true 
% P = pressure(n1:n2,:); 
P = pressure(max(n1-widenint,1):min(n2+widenint,length(pressure)),:); 
L = length(P); 
w = window(@hamming,L); 
W = w*ones(1,numchans); 
Pwindowed = P.*W; 
  
cAint = fft(Pwindowed,N); 
NumUniqueFreqs = ceil((N+1)/2); 
cAint = (2/L)*cAint(1:NumUniqueFreqs,:); % replaced "N" with "L" multiply by 
2 
fint = ((0:NumUniqueFreqs-1)*fs/N).'; 
  
% subplot(2,1,1) 
% plot(fint,abs(cAint(:,1))) 
% xlim([0 250]) 
% title(['Interval from ' num2str(max(n1-widenint,1)/fs) ... 
%     ' to ' num2str(min(n2+widenint,length(pressure))/fs) ' s']) 
  
flimits = [n1/fs*slope+yint n2/fs*slope+yint]; 
indexfreq = find(fint >= flimits(1) & fint <= flimits(2)); 
fint = fint(indexfreq);     % only keep FFT samples between start and stop 
cAint = cAint(indexfreq,:); % frequencies, discard the rest 
  
% subplot(2,1,2) 
% plot(fint,abs(cAint(:,1))) 
% title(['Interval from ' num2str(n1/fs) ' to ' num2str(n2/fs) ' s']) 
  
% Concatenate new results onto previous results 
f = [f; fint]; 
cA = [cA; cAint]; 
  
% Check to see if more intervals are available to analyze in signal 
if n2 + interval*fs <= numsamps 
    n1 = n2 + 1; 
    n2 = n2 + interval*fs; 
elseif n2 + interval*fs < numsamps + interval*fs 
    n1 = n2 + 1; 
    n2 = numsamps; 
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else 
    break 
end 
end 
% display(['The frequency resolution is: ' num2str(fs/N)]) 
f = f(2:end); 
cA = cA(2:end,:); 
	  
